We analyze how unemployment, job finding and job separation rates react to neutral and investment-specific technology shocks. Neutral shocks increase unemployment and explain a substantial portion of it volatility; investmentspecific shocks expand employment and hours worked and contribute to hours worked volatility. Movements in the job separation rates are responsible for the impact response of unemployment while job finding rates for movements along its adjustment path. The evidence warns against using models with exogenous separation rates and challenges the conventional way of modelling technology shocks in search and sticky price models.
Introduction
Since the pioneering contributions of Darby et al. (1985 Darby et al. ( , 1986 , Jackman et al. (1989) , and Blanchard and Diamond (1990) , the literature has recognized the importance of characterizing cyclical employment adjustment in terms of workers flows in and out of unemployment. The conventional wisdom has generally been that recessions, defined as periods of sharply rising unemployment, typically begin with a wave of layoffs and persist over time because unemployed workers have hard time to find new jobs. Hall To address these issues, this paper analyzes the dynamics of the ins and outs of unemployment during technology induced recessions. Since the pioneering work of Kydland and Prescott (1982) , many authors have suggested that technology shocks are responsible for a large portion of the fluctuations in macroeconomic variables and, following recent literature (see Fisher 2006 , and Michelacci and López-Salido 2007), we focus attention on investment-neutral and investment-specific technology shocks.
Technology shocks are identified in a VAR by imposing that investment specific technological progress is the unique driving force for the secular trend in the relative price of investment goods, while neutral and investment specific technological progress explain long-run movements in labor productivity. These restrictions follow directly from the neoclassical growth model. We analyze the induced labor market dynamics along the intensive margin (hours per-employee) and the extensive margin (number of employed workers) and characterize unemployment dynamics in terms of the job separation rate and the job finding rate.
As in Blanchard and Quah (1989) and in Fernald (2007) , we recognize that low frequency movements could give a misleading representation of the effects of shocks. This is a relevant concern since the growth rate of labor productivity and of the relative price of investment goods exhibit significant long run swings which have gone together with important changes in unemployment, and labor market flows. Many authors have documented important changes in the pace of US technological progress over the post WWII period, see for example, Greenwood and Yorokoglu (1997) , Gordon (2000) and Jorgenson and Stiroh (2000) . These patterns have been greatly emphasized in the literature on growth and wage inequality and growth and unemployment (see Aghion Here we emphasize that it is important to account for these patterns to correctly identify the effects of technology shocks on labor market variables.
Neutral technology shocks having positive long run effects on labour productivity, substantially increase unemployment in the short run and affect labor markets primarily through the extensive margin. Positive investment specific technology shocks, on the other hand, expand aggregate hours worked, both because hours per-worker increase and because unemployment falls, but the intensive margin contributes most to the adjustments. For neutral shocks, the impact response of unemployment is almost entirely due to the instantaneous response of the separation rate while movements in the finding rate account for the subsequent unemployment dynamics. Thus, positive neutral shocks may cause recessions and the workers flows they induce are in line with the conventional wisdom: unemployment initially rises because of a wave of layoffs and remains high because the job finding rate takes time to recover.
The practical relevance of these findings depends on how important technology shocks are for labor market fluctuations and how accurately they represent important historical episodes. On average, technology shocks explain more than 50 per cent of the cyclical fluctuations in labor market variables with neutral technology shocks mattering slightly more for the volatility of unemployment and investment specific technology shocks more for hours per-worker volatility. In addition, neutral technology shocks explain the recession of the late 80's and the subsequent recovery of the early 90's.
They initially rise the job separation and the unemployment rate; subsequently output builds up until it reaches its new higher long run value, but over the transition path employment remains below normal levels because the job finding rate is persistently below its long run level -generating a "jobless"recovery, which is a distinctive feature of this episode. The contribution of technology shocks to the jobless recoveries of the 2000's is instead significantly smaller.
These results are important for the literature analyzing business cycle in the labor market through the lenses of search models. In fact, they provide a healthy warning to the ongoing tendency to analyze the effects of technology shocks in search models with exogenous separation rates, a point also made by Ramey (2008) . They also challenge the conventional way to model technology shocks in search models (see, e.g., Shimer, 2007), both because the labor market responses to neutral and investment specific technology shocks are different and because neutral technology shocks are contractionary rather than expansionary on employment (see also Balleer, 2010 ).
Our evidence also challenges the standard sticky-price explanation for why hours fall in response to neutral technology shocks, see for example Galí (1999) . In sticky-price models, when technology improves and monetary policy is not accommodating enough, demand is sluggish to respond and firms take advantage of technology improvements to economize on labor input. While there is very little empirical evidence comparing the cost of firing and the costs of changing prices, the mechanism naturally applies to the intensive margin since displacing workers is likely to be more costly than changing prices-due to both the direct cost of firing and the value of the sunk investment in training and in job specific human capital that is lost with workers displacement.
Finally, our findings that neutral technology shocks are contractionary on employment and the fall in hours is related to the time consuming process of reallocation of workers across jobs,while investment specific technology shocks are expansionary, challenge the wisdom conventional models provide. The finding however are fully consistent with the Schumpeterian view that the introduction of new neutral technologies causes the destruction of technologically obsolete productive units and the creation of new technologically advanced ones. As shown by Hammour (1994, 1996) , and Michelacci and López-Salido (2007) when the labor market is characterized by search frictions, these adjustments can cause unemployment. Thus, our findings support the view by Michelacci and López-Salido (2007) that neutral technological progress prompts waves of Schumpeterian creative destruction, where outdated, technologically obsolete productive units are pruned out of the productive system, while investment-specific technology shocks lead to an expansion in economic activity, because a substantial proportion of old jobs upgrade their capital equipment and reap the benefits of the most recent advancements in capital equipment. SVARs to study the labor market response to structural shocks but the restrictions they use are not necessarily satisfied if technology shocks have Schumpeterian features. In addition, we emphasize that to identify the effects of technology shocks using long run restrictions it is important to take care of the low frequency movements in the growth rate of productivity and of the price of investment observed in the data and that the effects of neutral shocks on labor market variables are strongly at variance with the dynamics implied by technology shocks, as modelled in the conventional search model. The rest of the paper is structured as follows. Section 2 discusses the data, the empirical model, and the consequences of low frequency comovements in the variables. Section 3 presents basic results. Section 4 quantifies the relative contribution of job separation rates to the dynamics of technological unemployment. Section 5 measures the contribution of technology shocks to labor market fluctuations. Section 6 interprets the results in light of existing work. Section 7 examines robustness. Section 8 concludes.
The empirical model
Let X t be a n × 1 vector of variables and let X 1t and X 2t be the first difference of the price of investment, q t , and labor productivity y nt , respectively. Let X t = D(L)η t be the (linear) Wold representation of X t , where D(L) has all its roots inside the unit circle and E (η t η 0 t ) = Σ η . We assume that the reduced form shocks η t and the structural shocks t are related via η t = S t , where S is a full rank matrix, that the structural shocks t are uncorrelated and let E ( t 0 t ) = I. Thus, impulse responses represent the effects of one-standard deviation shocks. To identify the shocks of interest, we use the restrictions that the non-stationarities in q t originate exclusively from investment specific technology shocks and that the non-stationarities in y nt are entirely produced by investment specific and neutral technology shocks. Hence, a neutral technology shock (a y n -shock) is the shock having zero long-run effects on the relative price of investment goods and non-negligible long-run effects on labor productivity; an investment specific technology shock (a q-shock) affects the long-run level of both labor productivity and the price of investment; and no other shock has long-run effects on these two variables.
This implies that the first row of D(1)S has zeros everywhere except in the first position and the second row has zeros everywhere except in the first and second positions.
These restrictions can be derived from a simple neoclassical growth model where technological progress is non-stationary (see Fisher, 2006 and López-Salido, 2007 ). In models with variable capital utilization and adjustment costs, the short run marginal cost of producing capital is increasing and the price of investment goods responds in the short run to change in investment demand. Since we only restrict the price of investment in the long run, our identification strategy is robust to the existence of short run increasing marginal costs to produce investment goods.
There is controversy on how the price of investment and GDP should be deflated. . In a closed economy, excluding indirect taxes, and discounting the fact that the CPI only includes a subset of the consumption goods and that its weights measures the prices paid by urban consumers, the CPI and the output deflator are similar. In an open economy, differences may arise because some consumption goods are produced abroad. In our baseline specification, we deflate both variables with a output deflator. 2 Later, we show that the choice of deflator does not matter.
The data
Our model has six variables X = (∆q, ∆y n , h, u, s, f) 0 , where ∆ denotes the first difference operator. The last four variables are in logs and all are multiplied by one hundred: q equals to the inverse of the relative price of a quality-adjusted unit of new equipment, y n is labor productivity, measured as output per hours, h is the number of per-capita hours worked (thereafter simply hours), u is the unemployment rate and s and f are the job separation rate and the job finding rate, respectively. The dynamics of hours per-worker can be obtained from the responses of hours and unemployment;
those of output per-capita can be derived from the responses of labor productivity and hours. Rather than using a standard lag selection criteria, we use a generous lag length (8 lags) and reduce overparametrization with a prior that stochastically restrict the lag decay toward zero assuming that the prior variance of lag j is proportional to j −2 . We choose this approach in order to avoid the problems emphasized by Giordani We extrapolate this quarterly series up to 2010:I using NIPA account. 3 Real output (mnemonics LXNFO) and the aggregate number of hours worked (LXNFH) correspond to 2 One can show that this approach is consistent with the balanced growth conditions of a well defined open economy, see Kehoe and Ruhl (2007) for a similar point and Section 7 for further discussion. 3 Several authors have constructed price of investment series directly from NIPA accounts (see for example Justiniano et al. (2010) . These series are not very highly correlated with the original Cummins and Violante series making the comparison with the earlier literature difficult. the non-farm business sector. The relative price of investment is expressed in output units by subtracting to the (log of the ) original Cummings and Violante series the (log of) the output deflator (LXNFI) and then adding the log of the consumption deflator ln((CN+CS)/(CNH+CSH)). CN and CS are nominal consumption of non-durable and services while CNH and CSH are the analogous values in real terms. The aggregate number of hours worked per capita is the ratio of LXNFH to the working age population (P16).
The unemployment rate corresponds to the civilian unemployment rate. Starting from 1967:II, the monthly Current Population Survey public microdata can be used to calculate the flow of workers that move in and out of the three possible labor market states (employment, unemployment, and out of the labor force). Following Shimer (2007), we calculate exact instantaneous rates at which workers move from employment to unemployment (finding rate) and viceversa (separation rate). The availability of workers' flows data restricts the analysis to 1967:II-2010:I period.
The low frequency comovements on the VAR
The first graph of Figure 1 to the introduction of price controls during the Nixon era. Since price controls were transitory, they do not affect the identification of investment specific shocks, provided that the sample includes both the initial fall in q and its subsequent recovery. The last graph of Figure 1 displays the log of the job finding rate and the log of the job separation rate. The job finding rate is relatively more persistent than the separation rate (AR1 coefficient is 0.86 vs. 0.73). Given that recessions are typically associated with a persistent fall in the job finding rate, the higher persistence of the job finding rate is consistent with Hall (2005) and Shimer (2007) observation that cyclical fluctuations in the unemployment rate are highly correlated with those in the job finding rate.
The low frequency co-movements of the series of interest are highlighted in Figure   2 . In the first row we follow the growth literature and choose 1973:I and 1997:I as a break points, two dates that many consider critical to understand the dynamics of technological progress and of the US labor market (see Greenwood The graphs in the second row of Figure 2 plot the trend component of labor productivity growth, the log of hours and the log unemployment obtained by using a Hodrick Prescott filter with smoothing coefficient equal to 1600. The trends are related: there are negative comovements between productivity growth and the log of the unemployment rate and positive comovements between productivity growth and the log of hours.
The third row of Figure 2 shows that both the separation rate and the finding rate exhibit low frequency movements that mimic those of the unemployment rate.
Low-frequencies comovements and impulse responses
To show why these comovements are problematic when analyzing the responses to It is apparent that estimated responses to neutral shocks in the two subsamples are similar. Yet, they look quite different from the responses for the full sample. In particular, the movements in the relative price of investment are stronger and those in the separation rate weaker. Moreover the fall in hours and in the job finding rate and the increase in unemployment are much less pronounced in the full sample than in each sub-sample. Finally, output and labor productivity respond faster in the full sample.
Differences in the estimates can be related to the low frequency correlations previously discussed. In the full sample, a permanent change in the rate of productivity growth is at least partly identified as a series of neutral technology shocks. Thus, over the period 1973:II-1997:I when productivity growth is on average lower, the full sample specification finds a series of negative neutral technology shocks. Since in this period the unemployment rate and the separation rate are above their full sample average, while hours and the finding rate are below, biases emerge leading, for example, to a lower response of the unemployment rate and of the separation rate. Similar logic applies when comparing the responses to investment specific technology shocks in the full sample to those in the two subsamples. 4 
Discussion
Commentators have sometimes questioned our choice of break points. Some have suggested that taking a break point as known (when in fact it is not) may bias results, while others have suggested that a perhaps more relevant break point would be, as in the Great Moderation literature, somewhere around the beginning of 1980. As shown in the on-line appendices, moving forward by one or two years the break dates does not change the conclusion that, over subsamples, the responses of the variables are similar and different from those of the full sample. Furthermore, visual inspection of Figure 1 indicates that none of the series displays unusual behavior in the early 1980s.
The evidence contained in figure 3 and 4 indicates that the dynamic responses of the variables of the VAR to the two shocks are sufficiently homogeneous over subsamples. Therefore, the low frequency variations we have highlighted can be effectively taken care by adjusting the constant of the VAR and this is what we do in this paper.
In Canova et al. (2010), we elaborate on this issue and present cases where unaccounted level breaks within a sample produce sign switches or an extreme pattern of persistence in the responses, see also Fernald (2007) . A simple way to eliminate the low frequency comovements is to estimate the VAR over sub-samples. While feasible, such an approach would be inefficient, since the dynamics are roughly unchanged, and it may cause biases, since imposing long run restrictions in a system estimated over a small sample may distort structural estimates (see Erceg et al. 2005 ).
Low frequency movements in the data are the object of controversy and our choice of eliminating them could be criticized in, at least, two ways. It could be argued, for example, that after a prolonged period of low productivity growth and in anticipation that productivity will pick up, labor input could be lower in the period of low productivity, making low frequency movements informative about business cycle fluctuations. One way to rationalize our decision of removing low frequency fluctuations is that breaks can not be forecasted so anticipatory effects are not present. It could also be argued that changes in productivity growth also affect agents decisions rule, not just the intercept. Since the dynamics in response to the shocks are very similar in the two subsamples (and different from the full sample where no adjustment for low frequency movements is made), agent's decision rules appear to be unaffected by the breaks. Furthermore, once breaks in the intercepts are considered, the full sample evidence roughly replicates the one the sub-samples, see next section.
3 The full sample results Figure 5 plots the response of the variables of interest to a neutral technology shock in the VAR when the intercept is deterministically broken at 1973:I and 1997:I. The reported bands correspond to 90 percent confidence intervals. We also plot the median of the band rather than the point estimate, since the latter is known to be biased in small samples. A neutral shock leads to an increase in unemployment and to a fall in the aggregate number of hours. The effects on hours worked per-employee are smaller but still statistically significant. The impact increase in unemployment is the result of a sharp rise in the separation rate and of a significant fall in the job finding rate. In the quarters following the shock, the separation rate quickly returns to normal levels while the job finding rate takes up to twenty-five quarters to recover. Hence, the dynamics of the job finding rate explains why unemployment responses are persistent. Output takes about 5 quarters to significantly respond but then gradually increases until it reaches its new higher long-run value. Figure 6 plots responses to an investment specific shock. An investment specific technology shock leads to a short run increase in output and hours per capita and a fall in unemployment. The fall of unemployment is in part due to a sharp drop in the separation rate and in part due to an increase in the job finding rate. In the impact period the unemployment response is, however, small and insignificant. Thus, the increase in hours is primarily explained by the sharp and persistent increase in the number of hours worked per employee. Hence, while labor market adjustments to neutral technology shocks occur mainly along the extensive margin, those in response to an investment specific technology shock mainly occur along the intensive margin.
Omitted variables
Our VAR has enough lags to make the residuals white noises. Yet, it is possible that omitted variables play a role in the results. For example, Evans (1992) showed that Solow residuals are correlated with a number of policy variables, therefore making responses to Solow residuals shocks uninterpretable, while Forni and Gambetti (2010) show that many puzzles in responses to monetary shocks could be due to omitted variables. To check for this possibility we have correlated, up to 6 leads and 6 lags, our two estimated technology shocks with variables which a large class of general equilibrium models suggest as being jointly generated with neutral and investment specific shocks, such as the consumption to output ratio, the investment to output ratio, and the inflation rate. The point estimates of these correlations together with an asymptotic 95 percent confidence tunnel around zero are in Figure 7 .
As the figure indicates, no variable is significantly correlated with the neutral technology shocks we extract. On the other hand, they are indications that the consumption to output ratio and inflation could be correlated with investment specific shocks at some large lag. For this reason we have repeated estimation, enlarging the VAR system to include these three new variables. Since, the dynamics of labor market variables are affected (see the on-line appendix), we continue to work with a six variable VAR. 4 The role of separation rates Hall (2005) and Shimer (2007) have challenged the conventional view that recessionsdefined as periods of sharply rising unemployment-are the result of higher job-loss rates. They argue that recessions are mainly explained by a fall in the job finding rate.
Our responses suggest instead that the separation rate plays a major role in determining the impact effect of technology shocks on unemployment. This is consistent with the evidence of Fujita and Ramey (2009) To further evaluate the role of the separation rate for unemployment fluctuations, we use a simple two state model of the labor market (see Jackman et al., 1989 and Shimer, 2007 and assume that the stock of unemployment evolves as:
where l t and u t are the size of the labor force and the stock of unemployment, respectively; while S and F are the separation and finding rates in levels, respectively. The unemployment rate tends to converge to the following fictional unemployment rate:
Shimer (2007) shows that the fictional unemployment rateũ closely tracks the actual unemployment rate series, so that one can fully characterize the evolution of the stock of unemployment just with the dynamics of labor market flows. After linearizing the log ofũ, we can also calculate its response using the response of (the log of) the separation rate s and the finding rate f. Thus, we can measure the contribution of finding and separation rates to the cyclical fluctuations of fictional unemploymentũ and evaluate how accurately fictional unemployment approximates actual unemployment. Figure 8 reports the results. In each panel, the response of the true unemployment rate appears with a solid line and the response of (logged)ũ appears with a dotted line. The dash-dotted line corresponds to the response of (logged)ũ obtained if the job finding rate had remained unchanged at its average level. It therefore represents the contribution of the separation rate to fluctuations in fictional unemployment.
The dynamics of fictional unemployment after a neutral shock are explained to a large extent by fluctuations in the separation rate. Consistent with previous analysis, the separation rate explains almost 90 per cent of the impact effect on fictional unemployment. However, its contribution falls to 40 per cent after one quarter and drops to 20 per cent one year after the shock. Following an investment specific shock, unemployment falls on impact because of the fall in the separation rate.
Differences between the response of fictional and actual unemployment to investmentspecific technology shocks are minimal, but there are some differences in the impact response of actual and fictional unemployment to neutral technology shocks. There are several reasons that could explain these differences in impact responses. First there could be responses in the flows at which workers move in and out of the labor force that affect the unemployment rate and that are not properly taken into account by our series for the finding and the separation rate. 5 Second one has to bear in mind that the equation (2) is just an approximation and that the fictional and the actual unemployment rates coincide only when labor market transitions are sufficiently fast and time periods are large enough: on impact the two series do not have to coincide.
To check our conclusions we also performed the decomposition proposed by and by definition impact effects are just deviations from the steady state.
The contribution of technology shocks
To put our findings in the right perspective, we study whether the contribution of technology shocks to fluctuations in the variables of interest is non-negligible. Otherwise, what we uncover is an interesting intellectual curiosity without practical implications. Table 1 reports the forecast error variance decomposition.
The combined effect of neutral and investment specific shocks for output fluctua- conclusions is partly due to our focus on correlations, conditional on technology shocks, rather than on unconditional correlations at generic business cycle frequencies. Third, for interpretation purposes, it is very important to decompose the response of total hours into the response along the extensive and the intensive margin. For example, since Galí (1999) it is common to interpret the evidence that hours fall in response to neutral technology shocks using sticky prices models. In sticky-price models, when technology improves and monetary policy is not accommodating enough, demand is sluggish to respond to the shocks and firms take advantage of technology improvements to economize on labor input. While this mechanism has its own appeal, it should most naturally apply to the intensive margin of the labor market since changing prices is arguably less costly than displacing workers-whose cost includes both the direct cost of firing and the value of the sunk investment in training and in job specific human capital that is lost with firing (see e.g. 
Robustness
This section describes some robustness exercises whose outcomes are documented in the on-line appendix. The main conclusions of these exercises is that our technology shocks are unlikely to stand in for other sources of disturbances and that the results stand when we change i) the lag length of the VAR, ii) the way we remove low frequency fluctuations, iii) the timing of identifying restrictions, iv) the price deflator, v) the labor market data and the relative price of investment series.
Other disturbances Despite the fact that our technology shocks do not proxy for omitted variables, it is still possible that they stand in for other sources of disturbances.
To check for this possibility, we have correlated the estimated technology shocks with oil prices shocks (mnemonics PZTEXP) deflated by the consumption deflator and federal fund rate shocks (FFED), both computed filtering these two series with an AR(1).
Correlations are insignificant up to 6 leads and 6 lags. 
VAR lag length
where small letters denote the log of the corresponding quantities in capital letters and v is a stationary term, accounting for transitional dynamics. Hence, in the long run labour productivity is due to the neutral and the investment specific shocks. Now, let q c and y c n denote the inverse of the relative price of investment and labor productivity (both in logs), when deflated with the Consumer Price Index , P c , defined
, where P H c and P 
where α and β are the output elasticities to domestic and foreign capital, respectively.
Hence, with this choice of numeraire, a permanent change in the real exchange rate could affect long run labor productivity and confused with "neutral" technology shocks (see also Kehoe and Ruhl, 2008) . Since the real exchange rate exhibits remarkable persistence, one should worry about mixing neutral and real exchange rate shocks.
When we deflate the relative price of investment with the CPI index and output with the GDP deflator we obtain approximate finding and separation rates, which are available from 1948 and results were broadly similar. These rates are constructed from the Bureau of Labor Statistics data for employment, unemployment, and unemployment duration to obtain the instantaneous (continuous time) rate at which workers move from employment to unemployment and viceversa. The two measures, which are quarterly averages of monthly rates, are calculated under the assumption that employment and unemployment are the only two possible states of the labor market. Since they abstract from workers' labor force participation decisions, they approximate the true labor market rates at which unemployed workers find a new job and employed workers lose their job.
It is also worth mentioning that if one uses the q series directly obtained from the NIPA table (as e.g. in Justiniano et al., 2010) , the responses to investment specific shocks change somewhat. The series we use and the one obtained from the NIPA table are positively but not perfectly correlated. In addition, the average growth rate of the variable is different. Which series should be used in both structural and semi-structural estimation exercises is unclear and future work should explore in more details the construction of the appropriate price of investment series.
Conclusions
We have analyzed the effects of neutral and investment specific technology shocks on unemployment, job finding, job separation rates and other labor market variables. We show that positive neutral technology shocks affect labor market variables primarily along the extensive margin and substantially increase unemployment. Positive investment specific technology shocks, on the other hand, expand aggregate hours worked, both because hours per-worker increase and because unemployment falls, but the intensive margin contributes most to the adjustments. For both shocks, the short run response of unemployment is almost entirely due to the instantaneous response of the separation rate while movements in the finding rate account for the dynamic adjust- by neutral and investment-speci…c technology shocks. The VAR has siz variables and intercept deterministically broken at 1973:II and 1997:I. The variables of the VAR are the growth in the relative price of investment and in labor productivity, hours per capita, the unemployment rate, the job separation and the job …nding rate, the consumption to output ratio, the investment to output ratio, and the in ‡ation rate.
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